The treatment of domestic sewage at low temperature was studied in a two-anaerobicstep system followed by an aerobic step, consisting of an anaerobic filter (AF) + an anaerobic hybrid (AH) + polyurethane-foam trickling filter (PTF). The AF+AH system was operated at a hydraulic retention time (HRT) of 3+6 h at a controlled temperature of 13 o C, while the PTF was operated without wastewater recirculation at different hydraulic loading rates (HLR) of 41, 15.4 and 2.6 m 3 /m 2 /d at ambient temperature (ca. 15-18 o C). The AF reactor removed the major part of the total and suspended COD, viz. 46 and 58% respectively. The AH reactor with granular sludge was efficient in the removal and conversion of the anaerobically biodegradable COD. The AF+AH system removed 63% of total COD and converted 46 % of the influent total COD to methane. At a HLR of 41 m 3 /m 2 /d, the COD removal was limited in the PTF, while at HLR of 15.4 and 2.6 m 3 /m 2 /d, a high total COD removal of 54-57% was achieved without a significant difference between the two HLRs. The PTF was mainly efficient in the removal of particles, which were not removed in the anaerobic two-step. The overall total COD removal in the AF+AH+PTF system was 85%. Decreasing the HLR from 15.4 to 2.6 m 3 /m 2 /d, only increased the nitrification rate efficiency in the PTF from 22% to 60%. Also, at HLR of 15.4 and 2.6 m 3 /m 2 /d, PTF showed a similar removal for E-coli by about 2 log. Therefore, the effluent of AF+AH+PTF system can be utilised for restricted irrigation in order to close water and nutrients cycles. Moreover, such a system represents a high-load and a low-cost technology, which is a suitable solution for developing countries.
INTRODUCTION
High-rate anaerobic systems represent low-cost and sustainable technology for domestic sewage treatment, because of its low construction, operation and maintenance costs, small land requirement, low excess sludge production and production of biogas. Although anaerobic treatment plants have been successfully operated in tropical countries, the process up till now did not applied at countries with moderate and low temperatures. At such temperature, the chemical oxygen demand (COD) removal is limited and a long hydraulic retention time (HRT) is needed for one-step system for providing sufficient hydrolysis of particulate organics (Zeeman and Lettinga, [1] ). Several investigators (Wang, [2] , Elmitwalli et al., [3, 4, 5, 6, 7, 8] ) revealed that at low temperatures pre-removal of SS is needed prior to anaerobic treatment in a methanogenic sludge-bed reactor. Wang [2] developed a two-step system, UASB (upflow anaerobic sludge blanket) +EGSB (expanded granular sludge bed) reactor, for the treatment of domestic sewage at low temperatures. The first-step is aimed at removal and partial hydrolysis of suspended COD (COD ss ) and the second-step mainly for conversion of dissolved COD (COD dis ) to methane gas.
Recently, Elmitwalli et al. [7] showed that the AF achieved higher removal efficiency for COD ss as compared to the AH reactor with flocculant sludge and the conventional UASB reactor, as operated by Wang [2] . In the AF reactor, vertical sheets of reticulated polyurethane foam (RPF) with knobs were applied as packing material. A sludge bed was not allowed to develop in the reactor. So, all biomass retained in the reactor was attached to the RPF sheets. Also, Elmitwalli et al. [3] compared between a UASB and an AH reactor with a granular sludge-bed both at 8 h HRT for the treatment of pre-treated (pre-settled) sewage at a temperature of 13 o C. At 'steady state', the AH reactor removed higher total COD (COD t ) as compared to the UASB reactor, due to higher removal of colloidal (COD col ). Based on these results, the use of an AF reactor with vertical sheets of RPF with knobs followed by an AH reactor with granular sludge, was considered as an appropriate process configuration for the anaerobic treatment of raw domestic sewage at low temperatures.
Despite the advantages of the anaerobic treatment, the anaerobic effluent still needs post treatment for removing the remaining COD, nutrient and pathogen. Table 1 shows a summary of the results of recent researches in the anaerobic+post treatment of domestic sewage. The post treatment system for the anaerobic effluent should be, like the anaerobic pre-treatment, a high-rate, low-cost and sustainable technology. Various high-rate aerobic systems have been proposed for post-treatment, such as submerged aerated biofilter (Collivignarelli et al., [9] ), aerobic fluidized bed (Kim et al. [10] ), rotating biological contactor (RBC) (Castillo et al., [11] ), down-flow hanging sponge cubes (Machdar et al. [12] ), activated sludge (Sperling et al., [13] ). The application of such high-rate systems need high-investment, operation and maintenance costs and replacement of mechanical equipment, like aerators, recirculation pumps, and RBC shaft and bearing (Mba et al., [14] ). A trickling filter represents a high-rate system with low-cost, when it is operated by gravity without wastewater recirculation (i.e. when the COD t of the wastewater is rather low, like the anaerobic effluent). From the large variety of available synthetic packing-materials for biofilm, the most suitable are presumed to have a high specific surface, a high porosity and a rough surface, while they also should be oriented in a correct way to avoid clogging. Based on these considerations, vertical sheets of RPF with knobs were selected for this research. RPF media are characterised by a high specific surface area, viz. up to 2400 m 2 /m 3 and a high porosity of 97% (Huysman et al., [19] ). Moreover, the vertical orientation of the RPF sheets with knobs allows the wastewater and biomass to move through the reactors and consequently clogging of the filter medium is prevented (Elmitwalli et al., [7] ). The objective of the present research is to assess the performance of a two anaerobic-step system (AF+AH) followed by an aerobic-step (PTF) for treatment of domestic sewage at low temperature. The media in the three reactors were vertical sheets of RPF with knobs. 
MATERIAL AND METHODS

Experimental set-up
Sewage
The system was fed with domestic sewage originating from the village Bennekom, The Netherlands. The sewage (Table 2) is collected in a combined sewer system.
Analysis
COD was assessed using the micro-method described by Jirka and Carter [20] . Raw samples were used for COD t , 4.4 µm folded paper-filtered samples for COD f and 0.45 µm membrane-filtered samples for COD dis . The COD ss and COD col were calculated by the differences between COD t and COD f , COD f and COD dis respectively. For determining the particles size distribution (PSD) of raw sewage and the effluent of each reactor, the wastewater COD was measured for raw samples and samples after filtration at filters with pore size of 22.5, 8, 4.4, 1.6 and 0.45 µm. The PSD was determined three times for each wastewater, when the PTF reactor was operated at HLR of 15.4 m 3 /m 2 /d. The biogas composition CH 4 , CO 2 , N 2 and O 2 was determined in a 100 µL sample using a gas chromatograph, described by Elmitwalli et al. [3] . The total Kjeldahl nitrogen (Kj-N), sludge volume index (SVI), suspended solids (SS) and volatile suspended solids (VSS) were measured according to the Dutch Standard Normalized Methods, [21] . E-coli (measured for raw and paper-filtered samples) was analysed according to Havelaar and During [22] . Total PO 4 -P for wastewater was measured with an auto analyser (Skalar) after treatment according to the Dutch Standard Normalized Methods [21] , while NH + 4 -N and dissolved PO 4 3--P were directly measured with the same auto analyser. The amount of dissolved methane in the effluent was calculated according to Henry's Law. Statistical comparison of the performance of the reactors between different HRTs was done as described by Elmitwalli et al. [3] and a significant difference is considered at a level higher than 95%. 
RESULTS AND DISCUSSION
COD removal and conversion
The results in Table 3 show the concentration of different COD fractions and removal efficiencies at the treatment of domestic sewage in the system. Most of the COD t was mainly removed in the two-anaerobic steps, which led to a substantial decrease of the organic loading on the aerobic step (PTF reactor). Although the AF reactor was operated at a short HRT of 3 h at a low temperature of 13 o C, the reactor removed the major part of the COD t (41-57%) and COD ss (58%). Therefore, the AH reactor effectively converted the anaerobically biodegradable COD to biogas. The removal of COD dis in the AF+AH reactor was almost equal to the maximum removal for COD dis (54%) as reported by Last and Lettinga [23] for the same wastewater. Moreover, the two-step, AF+AH, system converted 46 % of the influent COD to methane, which represented 72-82% of the biogas content. Unlike the low temperature and the short HRT, the average effluent COD t concentration was only 182 mg/L, which is similar to that found in tropical countries at higher wastewater temperatures > 20 o C (Draaijer et al., [24] ).
The COD t removal efficiency was limited in the PTF when a HLR of 41 m 3 /m 2 /d was applied. However, significantly higher removal efficiencies for COD t , COD ss and COD col were achieved at both HLRs of 15.4 and 2.6 m 3 /m 2 /d, without a significant difference between both HLRs. The AF+AH system removed 71-80% and 44-68% for respectively COD ss and COD col and the addition of the PTF at HLRs of 15.4 and 2.6 m 3 /m 2 /d increased the overall removal for these two fractions in the system to 95-97% and 86-95% respectively. Therefore, the aerobic post treatment step (PTF) is highly efficient in the removal of particles (COD ss and COD col ), which were not removed in the anaerobic system. The PTF removed 12-21% of COD dis at HLR between 2.6 and 15.4 m 3 /m 2 /d. The PTF only decreased COD dis from 64-69 mg/L to 49-60 mg/L. This observed COD dis removal in the aerobic-step might be even due to the removal of very fine particles <0.45 µm (the pore size of membrane COD; i.e. COD dis ). (10) 94 (10) 21 (8) 36 (15) 19 (15) 11 (16) (AH) 2 188 (23) 44 (14) 79 (16) 64 (16) 34 (8) 50 (14) 18 (27) 27 (15) 3 156(27) 40 (24) 47 (16) 69 (14) 23 (19) 31 (31) 29 (23) 9 (8) PTF effluent 1 193(38) 11 (7) 96 (25) 86 (7) 14 (3) 77 (2) -14(29) 9(3) (PTF) 2 80 (15) 11 (11) 20 (10) 49 (7) 57 (14) 75 (29) 75 (14) 23 (23) 3 72(4) 4(3) 8 (7) 60 (10) 54 (7) 90 (12) 83 (15) 13 (13) (AF+AH) 1 53 (2) 72 (10) 44 (6) 42 (9) 2 62(8) 80 (13) 44 (18) 54 (8) 3 68(4) 71 (13) 68 (9) 66 (6) (AF+AH+ 1 60 (1) 94 (3) 36 (10) 47 (10) PTF) 2 84 (6) 95 (11) 86 (11) 65 (10) 3 85 (1) 97 (2) 95 (4) 70 ( Fig. (2.A) . The results showed that the anaerobic treatment resulted in a removal of the large particles and the effluent mainly contained colloidal and dissolved organics. The aerobic (PTF) process removed mainly the colloidal particles from the aerobic effluent and the removal dissolved COD was limited (Fig. 2.B) . The average effluent COD for the AH and PTF reactor after filtration at filter with pore size of 0.1 µm was 41 and 35 mg/l respectively, which indicates that the removal of domestic-sewage COD dis can be considered the same under anaerobic and aerobic conditions.
The excess sludge produced in the AF+AH system mainly originated from the AF reactor. The excess sludge in the AF reactor had a concentration of 8 gVSS/L and amounted to 20-30% of the removed COD t in the AF+AH system, while the excess sludge production in the AH reactor only amounted to 0.5-1.5 %. SVI of the excess sludge produced in the AF reactor was 39 mL/gSS, which indicates good settlability. The amount of excess sludge produced per removed COD in the PTF was similar for both applied HLR of 15.4 and 2.6 m 3 /m 2 /d and reached 0.61-0.69 gVSS/gCOD removed. The excess sludge production in PTF reactor had a concentration of 1.6-3.9 gVSS/L with a SVI of 46 mL/gSS. Table 4 shows the concentration of the nutrients at the treatment of domestic sewage in the system. Due to the poor performance of the PTF at HLR of 41 m 3 Table 5 presents the E-coli concentration at the treatment of domestic sewage in the system at HLR of 15.4 and 2.6 m 3 /m 2 /d. The results showed that E-coli present in domestic sewage is mainly associated with colloidal particles. The removal of E-coli was limited in the anaerobic system (less than 1 log) and mainly associated with the removal of suspended particles. The removal of E-coli mostly occurred in the PTF without effect of HLR decreasing from 15.4 to 2.6 m 3 /m 2 /d. The PTF removed E-coli by about 2 log. Therefore, the whole system reduced E-coli in domestic sewage from 8-4.2 x 10 6 to 2.4-3.5 x 10 4 Ecoli/100 mL. 
Nutrients (N and P) removal
E-coli removal
General discussion
The results of this research revealed that the AF+AH+PTF system was highly efficient in removing COD t , viz. 84%, when the AF+AH system was operated at HRT of 3+6 h and the HLR of PTF was 15.4 m 3 /m 2 /d, i.e. overall HRT for the system was 12.25 h. Removal of COD fractions in the system by different processes (biophysical, anaerobic conversion and aerobic degradation in, respectively, AF, AH and PTF reactor) results in a high COD removal and stable performance at short HRT and at low temperature. The AF reactor removed the big particles (58% of COD ss was removed), which can reduce the methanogenic activity in the second anaerobic-step, as found by Elmitwalli et al. [8] . Therefore, the AH reactor (methanogenic reactor with granular sludge) efficiently removed and converted at 13 o C the anaerobically biodegradable COD. In the AF+AH system, 46% of the influent COD t was converted to methane gas (energy source). The PTF removed the fine particles, which have limited removal in the anaerobic treatment (Wang, [2] , Elmitwalli et al., [3] ). Also, the PTF worked as a polishing-step that guaranteed a stable effluent quality. In addition to COD removal, a partial nitrification efficiency (22%) and removal of E-coli (about 2 log) were achieved in PTF. Decreasing the HLR of the PTF to 2.6 m 3 /m 2 /d only increased the nitrification efficiency to 60 %.
The AF+AH+PTF system is a high-rate and low-cost technology, as no mechanical equipment and energy are required for aeration and sludge or wastewater recirculation and, moreover, small land requirement. Therefore, the AF+AH+PTF system represents a suitable solution for on and off site treatment of domestic sewage in developing countries at low temperatures. Moreover, the effluent of such system is a valuable product for restricted irrigation (WHO, [25] ) and fertilisation, especially for regions suffering from the lack of water resources, like Middle East and for closing water and nutrients cycle.
CONCLUSIONS
•
The AF reactor removed the major part of the total and suspended COD in the system, viz. 46 and 58% respectively.
• The AF+AH system removed 63 % of total COD and converted 46 % of the influent total COD to methane gas, which can be used as an energy source.
